Abstract-This paper presents a comparative evaluation of fault tolerant control strategies for a five-phase Permanent Magnet Synchronous Machine (PMSM) under an opened-phase fault mode. Two main classical Fault Tolerant Control (FTC) methods and the no-reconfiguration strategy are compared with the normal mode operation considering peak current, peak voltage, average torque, torque ripples and measured temperatures of five windings of the five phases. The analysis of the temperature repartition shows that, in fault mode, at least in the particular studied case, the knowledge of the Joule losses is not sufficient for a correct control of the temperature.
INTRODUCTION
Thanks to their fault tolerance and torque density, the multiphase PMSM are studied in transport applications as automotive [1] , aerospace [2] , aeronautic [3] and marine [4] - [5] . Anyway, although a multiphase drive can continue to operate in faulty mode, post-fault operation without reconfiguration of control can lead to some harsh and undesired effects on the machine such as overheating and significant torque ripples. Thus, it is important to reconfigure the control in post-fault operation in order to reduce these effects on the drive. Two main families of FTC have been developed in previous works for the opened-phase fault. In the first family (called MT, as Maximum Torque), the copper losses and the current waveform in the healthy phases are imposed to be equal [6] - [7] , inducing then also identical peak currents. The current constraints for the transistors of the Voltage Source Inverter are then easily defined by the peak value. Moreover, when the electromotive forces (emf) are sinusoidal [7] - [8] or with only the first and third harmonics [9] , the torque ripples are also easily controlled and references of current are calculated in order to obtain the maximum torque. In the second family of FTC, the waveforms of the currents are free: for given waveforms of emf and required average torque, the Joule losses are minimized under the constraint of zero torque ripples. The currents are calculated either by optimization approach (as Lagrangian multiplier) in case of sinusoidal [7] but also non-sinusoidal emf [10] - [11] or by a vectorial approach [12] - [13] , this last one being more convenient for real-time control and non-sinusoidal emf. With this second family of FTC, the peak currents and voltages can be quite different in the healthy phases, leading to unequal Joule losses even if the global losses are the same as the normal operation. This unbalance between the healthy phases in terms of losses could be considered as an unbalanced thermal constraint between the windings. In fact the proposed paper shows that it is not always the case because it is finally not the losses which are important but the temperatures which are depending not only on the losses but also on the thermal coupling between the windings: even with equal losses in the healthy phases, the temperature is not the same in the healthy phases. In [14] , for a given control, an interesting analysis of the temperatures in fault mode obtained by Finite Element simulation has been already achieved and experimental results but in a particular machine configuration is provided. In the proposed paper, an experimental five-phase prototype is considered without particular configuration and the impact on the temperatures of the control in fault mode is presented. It is appearing that the repartition of the Joule losses is not representative of this one of the temperatures. As consequence the elaboration of control strategies based only on the losses is not the best choice in fault mode. It is the reason why in the paper is comparing different FTC considering other criteria than losses. For this studied machine, the results obtained by the two kinds of FTC (called M 3 and M 4 similar as in [15] ) in terms of torque, torque ripples, peak current, peak voltages and finally temperature of one winding of each phase are presented. They are compared between them and with the healthy case (M 1 ) and fault case without reconfiguration (M 2 ). This paper is organized as follows: after a presentation of the machine in section II, the current waveforms are defined for pre-fault and post-fault operation modes in section III. In section IV, comparative analysis is provided between different classical control strategies based on several parameters related to the machine performance. In section V, a thermal behaviour investigation is pointed out experimentally for each control strategy using thermal resistance detectors installed on some coils in the machine.
II. FIVE-PHASE PMSM PROTOTYPE AND MODELLING
The considered machine is a prototype that has been achieved in the frame of an industrial project for 48V low voltage hybrid automotive application. Fig.1-a and Fig.1-b show the 20-slot/14-pole five-phase PMSM [16] , in which fractional slot tooth concentrated winding and IPM rotor are used.
In order to characterize the thermal behaviour especially in fault mode the prototype has been equipped of several temperature sensors. The location of the resistance thermal detector (RTD) is depicted in Fig.1-b . One RTD is inserted for each phase. It is placed on one coil among the four coils forming each phase winding. These coils are labelled by the phase to which they belong with the subscription c1, as illustrated in Fig. 1-c (A c1 , B c1 , C c1 , D c1 and E c1 ). The coils of the phase A are not represented in the figure since it is the phase where the fault will occur. The main parameters of the five-phase PMSM useful for the vector control are given in table I. The characteristic shape of its back-EMF is depicted in Fig.2 : the third harmonic is about 12% of the first harmonic.
For classical Maximum Torque Par Ampere (MTPA) vector control, the considered harmonics of currents are only the same as those of emf. Currents are expressed by (1):
Where Ω is the mechanical frequency, p the pole pairs, (I 1 , I 3 ) are the magnitude of the first and the third harmonic current amplitude, φ 1 (respectively φ 3 ) is the phase shift between the first (respectively third) harmonic of current and the first (respectively third) harmonic of the emf. Then, the delivered torque can be expressed as follows:
(2)
III. DEFINITION OF CONTROL STRATEGIES IN PRE-FAULT AND POST-FAULT OPERATION MODES
In this section, the control strategies applied to the fivephase PMSM, in pre-fault and in post-fault operation modes, are summarized. For sake of simplicity, regardless the operating conditions, the first choice in this work is to keep the same structure of the controllers in all operation modes. As consequence, the reconfiguration of the drive system after the fault occurrence consists essentially in modification of the references considering the minimization of both torqueripples and copper losses. Accordingly, the comparative study will be achieved for four different modes as below:
Healthy mode (M 1 ): it corresponds to the MTPA control under healthy operating conditions. It will be considered as reference mode for the temperatures. Opened-phase operation mode without reconfiguration (M 2 ): although the fault occurrence in the PMSM, the same reference currents are kept as in normal mode operation.
Opened-phase operation mode with reconfiguration (M 3 ):
in this case, the reconfiguration strategy consists in minimizing the copper losses for a given torque without imposing any constraint on the current. 
Opened-phase operation mode with reconfiguration (M 4 ):
this one consists in minimizing the copper losses but the currents must be sinusoidal and of equal amplitude in the healthy phases verifying voltage and current limits.
The M 3 and M 4 strategies can be only applied after the detection of fault is achieved. Then the M 2 strategy is 12% implicitly used before the adoption of a reconfiguration. The M 4 strategies have been studied for induction machine [6] and PM machines [7] - [8] .
For the experimental results, the working point corresponds to copper losses of around 250 W in healthy mode (M 1 ) and a mechanical power of 2.5 kW. In post-fault operation strategies (M 2 , M 3 and M 4 ), the reference currents are modified so that the same global copper losses remain unchanged (250W) and the torque is then reduced.
A. Maximum Torque Per Ampere control in pre-fault operation mode (M 1 strategy) For the system under study, in pre-fault operation mode (M 1 ), the MTPA strategy is correctly achieved when the two following conditions are respected:
9 Based on equation 2, the phase-shift between current harmonic and the same harmonic in the back-EMFs is zero:
The ratio of the third current harmonic component and the first one is the same as the ratio between the third harmonic and the first one of the backEMFs. It is defined as follows
Taking into account (3) and (4), for a given RMS current value I rms , the amplitude of the first and the third current harmonic components are given by: The time-domain waveforms of the motor phase currents in MTPA strategy (mode M 1 ) are illustrated in Fig.3 -a. The motor phase currents are normalized with respect to the current peak value. As about 12% of third harmonic current in injected in this case in phase with the emf, the peak value is about 112% of peak value of the first harmonic current. Fig.3 b presents their spectrogram in one out of five windings.
B. Maximum Torque Per Ampere control under a faulty
condition (M 2 strategy) As announced above, this mode corresponds to an openedphase fault in the PMSM without reconfiguration. Therefore, the same control is kept and the copper losses are maintained equal to those achieved in pre-fault operation mode by experimental fitting of the current references. The timedomain waveforms of the motor phase currents, normalized with respect to the peak value obtained in pre-fault mode, are illustrated in Fig. 4-a. The open-phase fault occurrence results in different modification of harmonic components in the healthy phase-currents (phase b, c, d, e), since the variation of their magnitudes are not the same. This means that the fault is not equally divided between the healthy phases. In these conditions, a current peak value of about 120% is reached in the phase E (in comparison to the one obtained in pre-fault mode).
C. FTC control strategies
Two different post-fault tolerant control strategies are addressed when an opened-phase occurs in the five-phase PMSM. The motor phase currents obtained for both FTC strategies (M 3 and M 4 ) are normalized with respect to the current peak value obtained in a healthy mode.
1) FTC control with minimum copper losses (M3 strategy):
The generation of the optimal reference currents is performed so that a constant torque (with minimum ripples) must be obtained in post-fault operation mode. For this, the dimension of the current vector is adapted to the dimension of the accessible back-EMF vector with a minimization of the total joule losses as an optimisation criterion. From [13] , the optimal reference current vector and the corresponding waveforms in the healthy phases are given by formula (6):
where acc H G denotes the normalized-speed accessible back-EMF vector [13] , T * is the desired torque. Fig.5 depicted the time-domain waveforms of the motor phase currents with their harmonic content. Imposing the global copper losses leads easily to the Torque reference T * .
2) Strategy with sinusoidal current injection (strategy M 4 ):
in comparison to FTC control proposed in M 3 , this strategy consists in minimizing the joule losses but injecting only sinusoidal references currents. This approach aims to balance power in all healthy phases. The reference currents which must be injected are defined by [6] Since the copper losses are the same as in the healthy operation mode (250W), we have to add a constraint concerning the copper losses in this machine in order to determine I opt .
The time domain waveforms of phase currents corresponding to this control strategy are depicted in Fig.6 . It appears that the currents introduced in the healthy phases are sinusoidal and with equal amplitude.
IV. COMPARATIVE ANALYSIS
In this section, a comparative evaluation between the four control modes (M 1 , M 2 , M 3 , M 4 ) is presented. It is achieved regarding the following criteria:
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The average delivered torque. The torque ripples.
The peak voltage value required by the PMSM.
The peak current value.
A. Torque and voltage/current peak behavior
The comparative analysis between different control strategies presented above is achieved. It is based on Finite Element (FE) model simulation. Therefore, the obtained timedomain current waveforms are injected into the FE model of the five-phase PMSM. Fig.7 illustrates FE simulation results of the comparison between the different control strategies.
1) Torque average value:
Comparing the results in Fig.7 -a, it can be seen that, except for the normal operation mode in which the torque is equal to 32.5 N.m, the torque average value is about 26 N.m (80% of torque corresponding to the mode M 1 ) in post-fault operation when the copper losses is kept equal to 250W. 2) Torque ripple: under healthy operation mode of the PMSM (mode M1), the machine generates a quite smooth torque. On contrary, under faulty operating conditions corresponding to an opened-phase fault (mode M 2 ), a large dissymmetry is introduced in the motor, resulting in high torque ripples equal to 93%, as shown in Fig.8 . Thanks to FTC, strategies M 3 or M 4 , an acceptable ripples level of the torque is obtained. It is important to point out that the constraint of sinusoidal supply as achieved only in mode M 4 resulting in torque ripples 30% larger than the ripples obtained for FTC control of mode M 3 (14%) as shown in Fig.7-a and Fig.8 . Fig.7-b , with regard to mode M 2 , it can be concluded that the fault induces a high voltage peak value of 130% in comparison to the normal operation mode of the motor. Applying the fault tolerant control strategies corresponding to the modes M 3 and M 4 , the voltage peak value are kept relatively low approximately near 115%. 4) Peak current: as for the required voltage, strategies (M3 and M 4 ) required low peak current than M 2 for the same amount of torque. In conclusion, the reconfiguration of control in postfault operation modes is important in order to reduce the required voltage/current for a given torque.
3) Required peak voltage: as shown in

B. Copper losses comparison and thermal behavior analysis
As discussed above, the voltages and currents distortion in post-fault operation modes affects the performance of the fivephase PMSM. In fact, the non-sinusoidal supply applied to the PMSM results in various harmonic components circulation in motor windings. Consequently, high frequency electric components produce additional losses, increasing thus the operating temperature of the windings as well as the core. These conditions result in degradation of the performance. Fig.9 summarizes the normalized copper losses in each phase when the considered control strategies are applied. The results are normalized with respect to the value of the copper losses per phase, equal to 50W, corresponding to the healthy operation mode of the five-phase PMSM.
In post-fault operation mode, the 250W of copper losses are distributed between the remaining healthy phases, either equally as in modes M 1 and M 4 or non-equally as in mode M 2 and M 4 . The post-fault operation modes create nonhomogenous distribution of losses in the motor windings. As the temperature is directly related to losses, the nonhomogeneity of the losses distribution impacts significantly the temperature difference between the motor phase windings. As there are no copper losses in the faulty phase, it is expected that it has the lowest temperature value. According to Fig.9 , phases C and D have almost identical copper losses in all the considered operation modes (M 1 , M 2 , M 3 and M 4 ). In addition, the phase E has the greater copper losses in post-fault operation mode (M 2 , M 3 and M 4 ). Then, it is expected that this phase will have the highest temperature among the five phases when an open circuit fault occurred in phase A. The temperature measurement analysis detailed in section V confirms these conclusions.
V. THERMAL TEST AND ANALYSIS FOR CONTROL STRATEGIE
A. Thermal environment and cooling of the machine
The presented machines is equipped by two external fans sticked on both sides of the rotor, and are designed to ensure an efficient cooling of the end-windings as illustrated in Fig.1 a. Furthermore, fins are present at the bottom, right and left sides of the motor cover as observed in Fig.1 -a. At these sides of the machine, the cooling with natural ventilation is enhanced. However, the connexion box is fixed on the top of the machine, which makes less efficient the cooling by the natural ventilation in this side. The presented cooling circuit of the machine have a noticeable impact on the temperature repartition.
Temperature probes are inserted into the machine according to Fig. 1-b . All these probes are placed within the slot, in contact with the copper. The resistance thermal detectors (RTD) are linked to a data acquisition system that allowed plotting the temperature versus time curve for each detector. The temperature measured in steady state is normalized with respect to the mean value of the temperature in healthy mode operation (M 1 ), which equal to 111 o C. Results are illustrated in Fig.10 .
B. Analysis of temperature measurement
In healthy operation mode M 1 , the measured temperatures are not identical between all the phases as shown in Fig.10 , although the copper losses are the same in these phases. There is up to 30% of difference. The first remark is that it is not obvious to consider the temperature of a phase which is obtained with several windings. For example, in the phase A the coil A c1 has the highest temperature. Thermal analysis shows that it is due mainly to the connexion box (see Fig.1-a) whose thermal resistivity is higher than for the other coils which are near fins. In fault mode configuration it can be observed that the repartition is of course different for the different modes but even if there is no more current in phase A, the temperature of the coil A c1 is still higher than in the healthy phases. As consequence the choice to keep the same Joule Losses in the remaining healthy phases is an adequate criterion in terms of thermal goal.
VI. CONCLUSION
This paper shows that in fault mode, the strategy which consists in imposing the same Joule losses in the remaining healthy phases does not lead to equal temperatures in the healthy phases and even more the temperature in winding of opened phase is not the weakest. A hot point can appear. As consequence in order to able to reduce the security margins concerning the temperatures in windings, it should be interesting to define new strategies based on temperature measurements and a thermal modelling of the machine: in each phase, admissible Joule losses and waveform of current could be chosen in order to obtain the maximum possible average torque under constraints of peak voltage and peak current. This kind of approach will be particularly interesting for drive in transportation since transient operation as acceleration phase during less than 60s are often required. In this case the repartition of the temperatures is of utmost importance.
